I n the spectrum of atrioventricular septal defect (AVSD), the common atrioventricular valve (AVV) may be positioned primarily over a ventricle (unbalanced), often with associated hypoplasia of the contralateral ventricle. 1 Definitive echocardiographic criteria of unbalanced AVSD do not exist because the degree of abnormality and hypoplasia constitutes a spectrum, with some patients falling in a grey zone, precluding a simple dichotomous definition. In right dominant unbalanced AVSD, the left-sided structures including the left-sided AVV, left ventricle (LV), outflow tract, and aortic arch are typically but variably small. 2 Surgical options for right dominant unbalanced AVSD include septal defect closure resulting in biventricular repair, single ventricle palliation, or transplantation. The echocardiographic features that influence surgical approach and outcome remain poorly defined because it is difficult to predict in advance of intervention whether the LV and its inflow can support the systemic circulation. Thus, morbidity and mortality for unbalanced AVSD remain high compared with patients with balanced AVSD.
because it does not precisely quantitate inflow into the LV. 3 In addition, AVVI was chosen arbitrarily from retrospective data, and a data-driven approach may identify additional or more important echocardiographic discriminating or defining features. We sought to assess which echocardiographic features best characterize patients with right dominant unbalanced AVSD based on functional and anatomic features. We determined these characteristics using a data-driven approach without predetermined knowledge of which variables would be most important.
Methods

Study Population
Between January 2000 and December 2006, patients with a diagnosis of complete AVSD seen at 1 of 4 Congenital Heart Surgeons' Society (CHSS) member institutions were identified and enrolled in the study. Institutional review board approval from each participating center was obtained. Patients were included if they had the complete form of AVSD (defined as a large, unrestrictive ventricular septal defect) with normally related great arteries and diagnosis at <1 year of age. We excluded patients if the primary intervention was not performed at one of the study institutions, if they had systemic or pulmonary venous anomalies or heterotaxy syndrome (except for left superior vena cava to coronary sinus), if they had aortic atresia, or if there was a known chromosomal abnormality other than Down syndrome.
Data Collection
Clinical data were abstracted from medical charts including operative notes, discharge summaries, and echocardiographic reports. All complete preoperative echocardiographic studies were collected and converted to digital format if necessary. One of 4 echocardiographers blinded to surgical strategy and outcomes reviewed the echocardiograms and the AVVI categorization was determined for all patients. We used previously published criteria to arbitrarily define right dominant unbalanced AVSD patients (AVVI≤0.4) for the purposes of sampling. 4 We then included all patients in the echocardiographic analysis who were classified as unbalanced using this method. A larger pool of patients from the CHSS database defined as balanced (AVVI>0.4 and <0.6) was available, from which patients were randomly selected for inclusion. We excluded those with presumed left dominant unbalanced AVSD (AVVI≥0.6) from the analysis. Thus, AVVI cut points were arbitrarily used to allow the data collection to be more parsimonious.
Echocardiographic Evaluation
A data collection form of measurements was developed, which emphasized structural and physiological variables associated with AVSD, including previously reported measures, such as direction of flow at the ventricular septal defect, length and width of each ventricle, left AVV color flow diameter at the annulus and at the smallest inflow, direction of flow at a patent ductus arteriosus (if present), and direction of flow at the transverse aortic arch. A novel measure of left AVV inflow was also included; the right ventricle (RV) to LV inflow angle (RV:LV inflow angle) was defined as the angle between the base of the RV and LV free wall using the crest of the ventricular septum as the apex of the angle (Figure 1 ). Data were collected from each study by 1 of 4 echocardiographers. Of the 112 studies, 11% were remeasured by another echocardiographer to perform interobserver variability analysis.
Statistical Analysis
The first part of our analysis sought to determine whether echocardiographic variables would define homogeneous groups of patients that might be representative of the concept of unbalance. The pooled population for which presumed right dominant unbalanced AVSD patients (based on AVVI cut points) were over-represented was used. To accomplish this, a hierarchical cluster analysis was performed. Cluster analysis groups subjects with similar values across a number of variables. It creates similar pairs of subjects, then pairs of pairs, and continues in a hierarchical manner until a specified number of groups are defined (average linkage method). All of the echocardiographic variables, including AVVI, were used to determine the appropriate number of subject groups. Only variables that had <40% of missing values were used for this analysis, and missing values were imputed with mean imputation (for binary variables a proportion was calculated based on the full sample). Values were normalized as Z scores based on patient size when appropriate. 5 For the ascending aortic measurement, the absolute measurement was used in cluster analysis because it was thought to be more relevant than the normalized value. For variables for which normal regression equations were not available for conversion to Z scores, the values were indexed by dividing by body surface area. To determine whether the cluster groupings had a relationship to clinical outcomes suggestive of unbalance, the proportion of patients in each group who had single ventricle repair was calculated, and overall survival for each group was determined by Kaplan-Meier analysis.
The second part of the analysis sought to explore which of the echocardiographic variables were different between the cluster groups. A stepwise discriminant function analysis was initially performed, followed by a polytomous logistic regression for further confirmation.
To determine the accuracy of classification, variables retained in the stepwise discriminant function analysis were further entered into a linear discriminant function analysis to determine posterior probabilities. To determine the reliability of the retained discriminating echocardiographic variables, intraclass correlation was used, which is the measure of agreement between 2 readers used for the echocardiographic measures found to be important with 1 being perfect agreement, and 0 no agreement at all. All analyses were performed using SAS statistical software version 9.2 (SAS Institute, Inc, Cary, NC).
Results
Demographic Information
Of the larger cohort of 305 patients who underwent AVSD repair and had AVVI measured, 52 subjects deemed to be right dominant unbalanced and 60 randomly chosen subjects deemed to be balanced from AVVI cut points were included in the overall study population. 4 Of the 112 included pooled patients, the median age at the time of diagnosis was 20 days (minimum birth, maximum 2.9 years); 51% (57/111, miss-ing=1) were male, and 57% (56/98, missing=14) had Down syndrome. For surgical strategy, 22/112 (20%) patients underwent single ventricle palliation, 82/112 (73%) underwent biventricular repair, 1 (1%) underwent pulmonary artery banding, and 7 (7/112=6%) patients had no surgical procedure performed. Overall survival by Kaplan-Meier analysis was 83±4% at 3 years after diagnosis.
Cluster Analysis
To determine whether echocardiographic variables would define homogeneous groups of patients that might be representative of the concept of unbalance, cluster analysis was applied to the pooled patient population. Echocardiographic measures and their frequencies or distributions are shown in the Table in the online-only Data Supplement, stratified by the 2 sample groups based on AVVI cut points. Based on all of the echocardiographic variables, the cluster analysis of the 112 patients identified a hierarchical tree from which different numbers of cluster groups could be defined ( Figure 2 ). When different numbers of cluster groups were explored, it seemed that with definition of >3 cluster groups, the additional cluster groups became progressively smaller with fewer patients in each group. Hence, the analysis was limited to 2 and 3 cluster groups. To characterize the 2 and 3 cluster groups, the number of patients who died, those who did not achieve biventricular repair, and those who had achieved biventricular repair and were current survivors, as well Kaplan-Meier estimates of survival at 3 years were calculated for each cluster group. Table 1 shows that with 2 cluster groups, there was less discrimination of outcomes than with 3 cluster groups (the first of the previous 2 cluster groups is differentiated into 2 groups). For the 3 groups, the first cluster group had outcomes suggestive of balanced, whereas the second and third cluster group had similar outcomes to each other and were suggestive of right dominant unbalanced AVSD (higher mortality, fewer patients achieving biventricular repair). Further analyses were then restricted to the 3 cluster group classification.
To explore which of the echocardiographic variables used in the cluster analysis to create the 3 groups were most important or contributory in differentiating the 3 cluster groups, a stepwise discriminant function analysis was performed. Six variables were retained, including RV/LV inflow angle, LV width/LV length, left AVV annulus color Doppler diameter indexed to body surface area, left AVV smallest inflow color Doppler diameter, right AVV overriding the left atrium (dichotomous), and LV width indexed to body surface area ( Table 2 ). The most important discriminator seemed to be the RV/LV inflow angle, which was associated with a partial R 2 of 0.86; after including this variable, other variables were much less contributory to discrimination of the clusters. Figure 3 shows the difference in RV/LV inflow angle between the 3 cluster groups. The values for all of the variables retained in the discriminant function model by the cluster groups are shown in Table 3 . When the RV/LV inflow angle was excluded from the analysis, the most important discriminator was the presence of override of the left atrium above the right AVV, which was associated with a partial R 2 of 0.31 in this model, and was present for 28% of the first cluster group, 68% of the second, and 81% of the third cluster group. Of note, AVVI was not selected into the stepwise discriminant function analysis for the 3 cluster groups. Because the second and third cluster groups seemed to be associated with similar outcomes, a separate stepwise discriminant function analysis was explored for these 2 groups only. Again, RV/LV inflow angle was the most important discriminator, associated with a partial R 2 of 0.77. A polytomous logistic regression analysis was performed to further confirm which echocardiographic variables discriminated the 3 cluster groups. Only RV/LV inflow angle entered into this multivariable model, with an odds ratio relative to the third cluster group of 12.8 (95% confidence interval, 1.8-89.8) for the first cluster group, and an odds ratio of 2.8 (95% confidence interval, 0.8-9.6) for the second cluster group. No other echocardiographic variable was found to be important in the analysis. To determine the accuracy of classification by the 6 significant variables from the stepwise discriminant function analysis, a further linear discriminant function analysis was explored with those 6 variables. For cluster 1, 48 of 51 subjects were correctly classified (posterior probability, 0.97; stratified error rate estimate, 0.07). For cluster 2, 35 of 36 subjects were correctly classified (posterior probability, 0.93; stratified error rate estimate, 0.07). For cluster 3, all 25 subjects were correctly classified (posterior probability, 0.97; stratified error rate estimate, 0.04). The intraclass correlation for measurement of the AVVI and for the RV/LV inflow angle was 0.77 and 0.80, respectively.
Table 3. Values for Variables Retained in the Stepwise Discriminant Function Model for Differentiating the 3 Patient Groups Based on Cluster Analysis of Echocardiographic Variables
Discussion
Unbalanced AVSD has remained challenging concerning echocardiographic diagnosis and surgical management despite improved outcomes in patients with the balanced form of the defect. 2, 6 From a diagnostic standpoint, unbalanced AVSD has been previously diagnosed primarily by ventricular size; however, unbalance can be present even if the contralateral ventricle is not particularly small. 3, 4, 7 Thus, recent studies of unbalanced AVSD have focused on the derangement in the distribution of blood flow into the affected ventricle. 3, 4, 7, 8 AVVI (a measure of how much of the common atrioventricular valve is apportioned to each ventricle) has recently been shown in a retrospective multicenter analysis to distinguish between balanced and unbalanced forms of complete AVSD concerning surgical strategy. 4 The purpose of the current analysis (cluster analysis and discriminative function models) was to use all of the echocardiographic variables (both 2-dimensional size of structures and physiological parameters such as direction of flow at the ventricular septal defect and patent ductus arteriosus [Appendix]) and including AVVI, to see whether we could identify groups of patients with morphological similarities that may propose additional features that would discriminate patients with unbalanced AVSD. This study was performed in anticipation of a CHSS prospective observational cohort study to further define the concept of unbalance and thereby improve surgical decision-making.
Of all the measures performed in this detailed echocardiographic study, RV/LV inflow angle was the strongest dataderived discriminator of presumed right dominant unbalanced AVSD. This is a novel measure of the angle between the base of the RV and LV free walls, using the crest of the ventricular septum as apex of the angle (Figure 1) . It is likely a composite variable and an indirect measure of left AVV inflow. The RV/ LV inflow angle was relatively easy to measure, and there was good interobserver agreement between 2 experienced echocardiographers. The morphological relevance of the angle needs to be further determined as it may be influenced by a variety of factors. Apart from left AVV size, overall AVV shape may be different in patients with unbalanced AVSD. In the context of a balanced AVSD, the AVV shape is a relatively flat circle, whereas the shape seems to be more saddle-like in patients with unbalanced AVSD, potentially limiting flow into the LV. The steeper angulation between the RV and LV inflow could, thus, influence flow direction, with inflow into the RV being favored from both atria. This is speculative because there was no availability of 3-dimensional data sets for this retrospective study. Others have reported that left AVV geometry alters after biventricular repair in balanced AVSD from an elliptical shape to a circular shape. 9 Thus, with an increase in the RV/LV inflow angle in patients with unbalanced AVSD, the valve may not be able to remodel appropriately, resulting in important stenosis, regurgitation, or both. Another possible explanation of the significance of the RV/LV angle may relate to ventricular septal defect size. A higher RV/LV inflow angle may be the result of a larger ventricular septal defect; the larger ventricular septal defect may in turn result in a narrowed angle of inflow into the LV. Cohen et al 3 previously reported that a large ventricular septal defect was a risk factor for mortality in patients with unbalanced AVSD undergoing biventricular repair.
Left AVV inflow seems to be an important determinant for growth of LV structures in the development of ventricular hypoplasia. 2, 7 A recent study of surgical intervention in the setting of unbalanced AVSD showed good growth of left-sided structures using a staged biventricular strategy combining partial closure of the atrial and ventricular septal defect components. 10 As a part of this strategy, a portion of the right AVV was often partitioned onto the LV side to enlarge the size of the left AVV and increase flow across the valve. Similar techniques to enhance flow across the mitral valve have been used in other defects associated with LV hypoplasia. 11 Despite the discriminative power of the RV/LV inflow angle in the cluster analysis, group 2 and group 3 had similar outcomes, both suggestive of the concept of unbalance. This may be related to the fact that surgical strategy for this cohort was not based on these echocardiographic findings. Prospective assessment may verify the use of this measure to predict successful biventricular repair.
Whereas the RV/LV inflow angle was identified as the strongest differentiating factor in the discriminating analysis, other factors also helped distinguish between the 3 clusters. The finding of the left atrium overriding the right AVV as an important discriminator of the groups in this analysis is a novel finding. Some would describe this anatomy as a form of double outlet left atrium 12 with malalignment between the atrial and ventricular septum; in this setting, the left atrium becomes at least partially committed to the RV, resulting in flow directed away from the LV. This may contribute to the underdevelopment of the left-sided structures and result in limited inflow into the LV after biventricular repair.
The other discriminating factors between the 3 cluster groups included size parameters of the LV inflow, including the diameter of the color Doppler flow jet at the annulus and at the smallest inflow. The importance of echocardiographic measures of LV inflow in the setting of right unbalanced AVSD has been previously reported. Szwast et al 7 observed that the AVVI may be only mildly unbalanced in right unbalanced AVSD, but the majority of the inflow may still be directed toward the RV. In that study, the patients with limited flow into the left AVV were less likely to survive biventricular repair. They were the first to report that assessment of color Doppler inflow into the LV is an important additional component to AVVI in the echocardiographic evaluation of unbalanced AVSD. Our study now suggests that measures of LV inflow may help discriminate the patients with unbalanced AVSD.
Interestingly AVVI, which was originally used to classify the AVSDs into balanced versus unbalanced forms for the purposes of sampling for our study population, was not an important discriminating factor differentiating the clusters. This is surprising because in a previous study we have shown that the surgical strategy and outcomes were related to AVVI. However, it does not mean that AVVI or other factors are unimportant. One cluster clearly identifies the balanced patients, with the other clusters representing 2 groups of unbalanced patients that seem to differ in the magnitude of the RV/LV inflow angle, yet equally are associated with clinical outcomes. There is no standard by which to define unbalance, and differences between clusters defined by RV/ LV inflow angle and other echocardiographic variables may additionally represent the heterogeneity of the population. In fact, AVVI and RV/LV inflow angle may be better used in an algorithm rather than in an equation or formula. Further prospective research on larger data sets will hopefully better define which parameters are influencing outcomes and potentially indicating optimal repair pathways. For this reason, the CHSS has initiated a multicenter prospective study of AVSD, including data from a large number of institutions.
Limitations
This study had a retrospective cohort design. Thus, the echocardiographic variables used in this analysis were not necessarily those used by each institution to determine surgical strategy. Because the data analysis was retrospective, imaging in some patients was suboptimal for obtaining the desired measurements. Moreover, some echocardiograms required digital conversion, which likely degraded image quality. We chose to be blinded to the presence of Down syndrome because we did not want to bias our measurements based on clinical factors other than the echocardiographic features of AVSD.
Conclusions
This study indicates important echocardiographic features that may help identify patients with right unbalanced AVSD. Measures of LV inflow are important in this population and are likely surrogates of LV adequacy. The RV/LV inflow angle seems to be an important data-derived discriminator concerning the concept of unbalance; it is yet to be determined whether this measure will help identify the patients who will have successful biventricular repair.
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